*Amh*-Cre

:   mice expressing the Cre recombinase under the control of the anti-Müllerian hormone promoter in Sertoli cells starting before birth (∼E12.5)

CB

:   chromatoid body, a nonmembranous perinuclear cytoplasmic structure observed in round and elongating spermatids, composed of multiple RNA species (including mRNAs, miRNAs, piRNAs), RNA transport proteins (such as KIF7b), and miRNA and piRNA biogenesis proteins (Argonaute proteins, Dicer, Tudor domain proteins, etc.); the work reviewed here also suggests a role for CBs in NMD

*Ddx4-*Cre

:   mice expressing the Cre recombinase under the control of the DEAD-Box Helicase 4/VASA homolog promoter in primordial germ cells before birth (∼E15.5)

E9.5, E12.5, etc.

:   embryonic day 9.5, 12.5, etc.

eIF4E

:   eukaryotic translational initiation factor 4E cap-binding protein

EJC

:   the nuclear exon junction complex, comprised of eIF4A3, Magoh, RBM8A, and CASC3

eRF1, eRF3

:   eukaryotic translational release factors 1, 3

IMC

:   intermitochondrial cement, a nonmembranous perinuclear cytoplasmic structure observed in spermatocytes, usually associated with mitochondrial clusters; IMCs become CBs in spermatids after meiosis

MSCI

:   meiotic sex chromosome inactivation

MVH

:   mouse VASA homolog, encoded by the *Ddx4* gene

NMD

:   nonsense-mediated decay

ORF

:   open reading frame

P5, P60, etc.

:   Postnatal day 5, 60, etc.

PABPC1

:   poly(A) binding protein, cytoplasmic

PABPN1

:   poly(A) binding protein, nuclear

PTC

:   premature termination (stop) codon

Sec

:   selenocysteine

SMG1, SMG6, SMG7, etc.

:   suppressor with morphogenic effect on genitalia 1, 6, 7, etc.

*Stra8*-Cre

:   mice expressing the Cre recombinase under the control of the stimulated by Retinoic acid 8 promoter in meiotic and haploid male germ cells (starting at ∼P3)

SURF complex

:   SMG1C/UPF1/eRF1/eRF3 cytoplasmic complex

TDRD6

:   Tudor domain-containing protein 6

*Upf1, Upf2, Upf3a, Upf3b*

:   mouse homologs of up-frameshift genes that were first identified in *Saccharomyces cerevisiae;* the proteins are referred to as UPF1, UPF2, etc.

UTR

:   mRNA untranslated region, e.g., the 3΄ UTR

Introduction {#sec2}
============

Nothing is so simple that its tenets cannot be challenged in testis biology. New results from several labs focused on knockouts of key NMD protein factors in testis in mice and thus challenged the mechanisms of nonsense-mediated mRNA decay (NMD) in male germ cells. Nonsense-mediated mRNA decay is the cytoplasmic process by which mRNAs containing "errors"---improper splicing, transcriptional errors, mutations that result in premature stop codons, and more---are eliminated from the cytoplasmic pool of translated mRNAs. Nonsense-mediated mRNA decay also eliminates mRNAs that arise through nonerroneous mechanisms that result in translational stop codons in certain premature contexts: alternative splicing, alternative polyadenylation, small upstream open reading frames (ORFs), or low cellular selenium (Figure [1](#fig1){ref-type="fig"}). In a *felix culpa* from testis biology, the rules governing NMD are illuminated in male germ cells and their associated somatic cell populations, yielding a better understanding of both male reproduction and mRNA quality control. In this review, we evaluate recent mouse knockout models of two components of NMD (*Upf2* \[[@bib1],[@bib2]\] and *Upf3a* \[[@bib3]\]) and one component of the chromatoid body (CB; *Tdrd6* \[[@bib4]\]) in male germ and Sertoli cells. Together, these manuscripts argue for two distinct modes for NMD: one mode (in somatic cells such as Sertoli cells) in which NMD is mostly active on mRNAs containing premature termination codons in alternatively spliced exons, and a second mode (in male germ cells) in which NMD is managed by CBs, thus acting on mRNAs containing long 3΄ untranslated regions (UTRs). Separation of these modes in male germ cells helps to better understand NMD mechanisms in all cells.

![Many different mRNA errors that cause premature termination/stop codons (PTCs) can lead to nonsense-mediated decay (NMD). Boxes represent exons, lines represent introns, ORFs are in blue, and Start (AUG) or Stop (UAA, UAG, or UGA) codons are as indicated. (A--C) Most mRNAs are not subject to NMD. (A) Messenger RNAs from genes lacking introns, or (B) with ORFs resulting in stop codons in the last exon (i.e., downstream of the last intron) are not subject to NMD. (C) The major exception to the last exon rule is mRNAs with the stop codon fewer than 50 nucleotides upstream of the last intron. (D--F) Nonsense-mediated decay is invoked for mRNAs with the stop codon (D) greater than 50 nucleotides upstream of the last exon, (E) with a short ORF in the 5΄ UTR, or (F) in the last exon, but followed by a long (\>350 nt) 3΄ untranslated region (UTR). Nonsense-mediated mRNA decay in these groups might be invoked by genomic mutations, by cotranscriptional errors, or by post-transcriptional mechanisms (say, alternative polyadenylation). (G, H) Alternative splicing can insert a stop codon to invoke NMD. (G) In this example, exon skipping omits an exon with an NMD-inducing stop codon, but exon inclusion will include that exon with the offending stop codon, resulting in NMD. (I) In some mRNAs, selenocysteine is encoded by UGA, which is also a stop codon. In conditions of low selenium, the Sec-tRNA is in low abundance, triggering NMD for selenoprotein mRNAs.](iox033fig1){#fig1}

Nonsense-mediated decay degrades mRNAs with premature stop codons or anomalously long 3΄ untranslated regions {#sec2-1}
-------------------------------------------------------------------------------------------------------------

Nonsense-mediated decay is the mechanism that targets mRNAs for rapid degradation if they contain premature termination or "stop" codons (PTCs). A premature termination codon is defined as an in-frame translational stop codon that is more than 50 nucleotides upstream of the last (3΄-most) exon in the gene, although there are other contexts as well (Figure [1](#fig1){ref-type="fig"}). First discovered in yeast \[[@bib5],[@bib6]\], NMD was quickly determined to be a universal feature of eukaryotic mRNA biosynthesis that is invoked when mRNAs fail to pass "quality control" standards with regard to their translational ORFs. Of the several mechanisms by which a PTC can be introduced into an mRNA, the most common is alternative splicing \[[@bib7]\], which is also a frequent mechanism of gene regulation in male germ cells \[[@bib8]--[@bib10]\].

If NMD detects mRNA stop codons (which are defined by translation in the cytoplasm), then how can it tell when the stop codon is in the last exon (which is defined by splicing in the nucleus)? For many mRNAs, the answer is that they are "marked" while still in the nucleus with proteins that bind near exon junctions, including the junction of the penultimate and last exons \[[@bib11],[@bib12]\]. These protein marks are carried with the nascent mRNA into the cytoplasm during nuclear export, and consist of the exon junction complex (EJC), UPF3B, and other components (Figure [2](#fig2){ref-type="fig"}). Once in the cytoplasm, the protein marks recruit additional proteins (including UPF1 and UPF2) that govern interactions with ribosomes, translational termination factors, and the cytoplasmic poly(A)-binding protein PABPC1. Consequently, mRNAs with PTCs are recognized during early "pioneer" rounds of translation to be eliminated from the translational pool and degraded (Figure [2](#fig2){ref-type="fig"}A). In mammals, the degradation involves the proteins SMG5, SMG6, and SMG7 \[[@bib13]\].

![Several models vie to account for nonsense-mediated decay (NMD) in different cell types. (A) In the Exon Junction Complex (EJC) model, after splicing, EJC proteins bind at the junctions of the last and penultimate exons, to be joined by UPF3B (the EJC "marks"). This nucleoprotein complex is then exported from the nucleus to the cytoplasm, where it is joined by UPF2, the SMG1C/UPF1/eRF1/eRF3 (SURF) complex proteins, and UPF1. Nuclear poly(A) binding protein (PABPN1) is replaced by its cytoplasmic equivalent (PABPC1), and the nuclear cap-binding proteins (CBP80, CBP20) are replaced by their translational equivalents, including eIF4E. A pioneer round of translation ensues, and translational release factors (eRF1 and eRF3a) allow the ribosome to recognize the stop codon. If the stop codon is premature, that mRNA is targeted for degradation. (B) The Faux 3΄ UTR model is similar to the EJC model in its nuclear marking steps. In the cytoplasm, UPF2 binds to UPF3B. UPF1 binds to multiple RNA sites within the 3΄ UTR. In a way that is not yet understood, multiple copies of UPF1 (as might bind to a long 3΄ UTR) will interfere with an interaction between the release factors (eRF1, eRF3a) and PABPC1; multiple copies of UPF1 might also interfere with the interaction of PABPC1 and the cytoplasmic cap-binding proteins (eIF4E and others). In male germ cells, TDRD6 acts to localize UPF1, UPF2, and other factors to the CBs in postmeiotic spermatids. Also in both models (A) and (B), UPF3A may bind to UPF2 in the cytoplasm to obstruct the UPF2-UPF3B interaction and suppress EJC-stimulated NMD.](iox033fig2){#fig2}

It is less well understood how mRNAs with long (\>350 nt) 3΄ UTRs (Figure [1](#fig1){ref-type="fig"}F) are targeted for NMD. This mechanism seems to involve the distance between the termination codon and the poly(A)-binding protein (Figure [2](#fig2){ref-type="fig"}B), and requires UPF1, SMG6, and SMG7, and other proteins \[[@bib12],[@bib14]\]. The likely mechanism involves binding of multiple copies of UPF1 to the mRNA throughout the 3΄ UTR (Figure [2](#fig2){ref-type="fig"}B). In somatic cells, it is known that specific mRNAs can evade this targeting if they contain A/U-rich sequences in their 3΄ UTRs \[[@bib15]\]. Because of alternative cleavage and polyadenylation, 3΄ UTRs of any given gene can differ in length\[[@bib16]--[@bib18]\]. Alternative cleavage and polyadenylation is particularly important in controlling male germ cell gene expression \[[@bib10],[@bib19],[@bib20]\]. As a consequence, 3΄ UTRs of testis-specific genes become progressively shorter during spermatogenesis \[[@bib20]--[@bib22]\], a situation that is reminiscent of the 3΄ UTR shortening seen in cancer cells \[[@bib23]\].

In further precedent for 3΄ UTRs playing roles in controlling germ cell mRNA expression, the polypyrimidine tract binding protein 1 is involved in protecting mRNAs with long 3΄ UTRs by interfering with binding of UPF1 near the stop codon \[[@bib24]\]. Its paralog, *Ptbp2*, is essential for male germ cell development through its effects on splicing \[[@bib9]\] and has been implicated in stabilizing mRNAs with long 3΄ UTRs \[[@bib25]\]. The model emerging is that mRNAs with long 3΄ UTRs are often targeted for degradation in postmeiotic germ cells, but that specific mRNAs can be marked to evade degradation. These points suggest that mechanisms of NMD play important roles in male fertility, as confirmed in the manuscripts reviewed here.

*Upf2* is required for mouse Sertoli cell development and male fertility, and eliminates mRNAs with premature termination codons {#sec2-2}
--------------------------------------------------------------------------------------------------------------------------------

Weischenfeldt and colleagues in Porse\'s laboratory examined conditional Cre-Lox truncation of *Upf2* that produced a shorter, functionally inactive form of the UPF2 protein in mice \[[@bib26],[@bib27]\]. Global truncation of *Upf2* in all tissues was lethal before embryonic day 9.5 (E9.5). Further, truncation of *Upf2* specifically in immature T cells resulted in the death of hematopoietic stem cells. In these cells, the loss of UPF2, a key component of the NMD pathway \[[@bib7],[@bib28]\], resulted in an increased abundance of alternatively spliced transcripts containing PTCs. Interestingly, *Upf2* ablation in the granulocyte/monocyte lineage was tolerated, suggesting that NMD was not critical in those more differentiated cell types.

To extend this work to male reproduction, Porse\'s and Yan\'s laboratories joined efforts to examine *Upf2* ablation in Sertoli \[[@bib1]\] and germ cells \[[@bib2]\] using the conditional knockout animals generated earlier in Porse\'s laboratory. In the first study, Bao et al. \[[@bib1]\] chose to examine effects of *Upf2* truncation in Sertoli cells, somatic cells that provide supporting functions to germ cells during spermatogenesis. By crossing *Upf2^fl/fl^* mice with mice carrying the Cre recombinase under the control of the anti-Müllerian hormone promoter (*Amh*-Cre), these authors inactivated *Upf2* in Sertoli cells beginning before birth. These mice were infertile and had significantly smaller testes than mice with intact *Upf2.* By postpartum day 60 (P60), the seminiferous tubules were largely devoid of germ cells with only Leydig cells present (a Leydig cell-only phenotype). The authors concluded that truncation of *Upf2* led to failure of the Sertoli cells to differentiate and thus were unable to nurture normal germ cell development during the first wave of spermatogenesis.

Disrupted mRNA processing in *Upf2*-truncated Sertoli cells {#sec2-3}
-----------------------------------------------------------

At P4 (a time chosen because it preceded the changes in other testicular cell types), high-throughput RNA sequencing demonstrated that similar numbers of transcripts were either increased (∼1200) or decreased (∼1400) in the *Upf2*-truncated Sertoli cells compared to *Upf2*-intact cells \[[@bib1]\]. Many of these affected mRNAs were linked to RNA splicing and processing. About 30% of the upregulated genes in *Upf2*-truncated Sertoli cells contained premature termination codons, consistent with the established role of *Upf2* in NMD in somatic cells.

Alternative splicing is also a prominent regulator of male meiosis \[[@bib8],[@bib29]\]. Nine core splicing factors were deregulated in *Upf2*-truncated Sertoli cells \[[@bib1]\], decreasing the major isoforms of two alternatively spliced transcription factors, *Wt1* and *Dmrt1* that are responsible for Sertoli cell differentiation*.* Many other gene products necessary for Sertoli cell differentiation were also mis-spliced or otherwise downregulated. Ultimately, these errors resulted in failure of Sertoli cell differentiation and the infertile phenotype.

In germ cells, *Upf2*-mediated nonsense-mediated decay selectively eliminates mRNAs with long 3΄ untranslated regions {#sec2-4}
---------------------------------------------------------------------------------------------------------------------

In a second study using the same *Upf2^fl/fl^* allele as above, Bao et al. examined the role of *Upf2* in male germ cells \[[@bib2]\]. Crossing *Upf2^fl/fl^* mice with mice-expressing Cre recombinase prenatally in primordial germ cells (*Ddx4-*Cre mice \[[@bib30]\]) resulted in seminiferous tubules containing mostly Sertoli cells and few, if any, germ cells, confirming that NMD is necessary for early prospermatogonial germ cell development.

These results prompted the authors to look at roles for *Upf2* during postnatal stages of spermatogenesis by breeding *Upf2^fl/fl^* mice with *Stra8*-Cre mice, resulting in *Upf2* truncation in early-stage spermatogonia and spermatocytes \[[@bib31]\]. The resulting *Upf2* conditional knockout mice had smaller testes due to defects in spermatogenesis, including delayed meiosis, reductions in spermatocytes and spermatids, and large vacuoles with multinucleated giant cells in the seminiferous tubules \[[@bib2]\]. Clearly, loss of NMD function was also deleterious for male gamete development when *Upf2* was truncated in these later stages of spermatogenesis.

The surprising finding, though, was how the loss of *Upf2* caused those problems. The authors determined that very few (∼7%) of the upregulated alternatively spliced mRNAs contained PTCs in *Upf2*-truncated testes \[[@bib2]\]; in other words, loss of *Upf2* function did not affect traditional EJC-associated (herein "EJC-stimulated") NMD (Figure [1](#fig1){ref-type="fig"}G and H) in postmeiotic male germ cells. Instead, there was an accumulation of mRNAs with long 3΄ UTRs (Figure [1](#fig1){ref-type="fig"}F) among the population of genes with multiple transcripts (i.e., mRNAs that were alternatively spliced, polyadenylated, or both). In germ cells, the mechanisms of EJC-stimulated NMD were less evident while the mechanisms of long 3΄ UTR-mediated NMD remained prominent. This suggests the formal possibility that UPF2 is not required for NMD in male germ cells. However, the more likely explanation is that UPF2 is functionally sequestered in germ cells. As discussed below, this sequestration might involve degradation of mRNAs with long 3΄ UTRs which is associated with RNA-processing centers called CBs that are unique to postmeiotic spermatids (Figure [3](#fig3){ref-type="fig"}).

![Expression of NMD components during spermatogenesis. Spermatogenesis takes about 34 days in mice (top). Cell types progress from spermatogonia (that still undergo mitosis) through multiple stages of meiosis (spermatocytes), through postmeiotic differentiation stages (step 1 through step 8 round spermatids and elongating spermatids), and emerge as spermatozoa. Spermatozoa must traverse the epididymis to become competent for fertilization (not shown). In spermatocytes, cloud-like ("nuage") structures called the intermitochondrial cement (IMC) assemble near mitochondria. These structures coalesce into perinuclear structures called chromatoid bodies (CBs) after meiosis. In the absence of an enclosing membrane, proteins such as the Tudor domain-containing TDRD6 act as organizational components of the CB; UPF1, UPF2, and UPF3B are also found there. Also during meiosis, the X and Y chromosomes are inactivated transcriptionally and sequestered into sex bodies, a process known as meiotic sex chromosome inactivation (MCSI). Thus, X-linked genes (such as *Upf3b*) are inactivated during meiosis while autosomal paralogs *(Upf3a)* are expressed. Several studies have shown that 3΄ UTR length of mRNAs becomes shorter as spermatogenesis decreases. The studies reviewed here indicate that long 3΄ UTR-mediated NMD is prominent during postmeiotic stages. We speculate that EJC-stimulated NMD is prominent during earlier stages of spermatogenesis, although the studies did not address this point directly.](iox033fig3){#fig3}

Two homologs, *Upf3a* and *Upf3b*, compete antagonistically for control of nonsense-mediated decay in male germ cells {#sec2-5}
---------------------------------------------------------------------------------------------------------------------

How might one mechanism of NMD be reduced in male germ cells (EJC-stimulated NMD) while the other mechanism (long 3΄ UTRs) remains active? A study from Wilkinson\'s lab, Shum et al. \[[@bib3]\] suggest a solution involving functions of *Upf3a* and *Upf3b*. In humans, the *UPF3A* and *UPF3B* mRNAs are expressed in all tissues, although the *UPF3A* mRNA is markedly more abundant in testis \[[@bib32]\]. Interestingly, UPF3B regulates levels of the *UPF3A* mRNA through EJC-stimulated NMD such that the UPF3B protein is predominantly expressed in most adult tissues \[[@bib33]\]. The *UPF3B* gene (located on the X chromosome) and the *UPF3A* gene (located on an autosome) are paralogs: they arose by gene duplication in an ancestor of modern vertebrates \[[@bib3],[@bib34]\]. In eutherian mammals, such gene duplicates are often pressed into service, especially if one of them is on the X chromosome. During mammalian meiosis, the X and Y chromosomes are silenced, an epigenetic phenomenon known as meiotic sex chromosome inactivation (MSCI \[[@bib35]--[@bib37]\]). Consequently, if an essential gene on the X chromosome is inactivated (e.g., *UPF3B*), an autosomal paralog is deployed during pachynema (e.g., *UPF3A*). Indeed, mutations in *UPF3B* can cause an X-linked intellectual disability in humans \[[@bib38]\].

UPF3B binds to both the EJC and UPF2 in the cytoplasm \[[@bib39],[@bib40]\], bridging these proteins to enable NMD (Figure [2](#fig2){ref-type="fig"}). Shum et al. \[[@bib3]\] demonstrate that, while the UPF3B protein enables NMD, UPF3A is an NMD repressor, probably acting to mask UPF2 and prevent its interaction with the EJC. During spermatogenesis, the UPF3B protein is expressed in premeiotic germ cells, but its expression is shut down in meiotic cells due to MSCI (Figure [3](#fig3){ref-type="fig"}). At that point, UPF3A expression increases so that it is prominent in spermatocytes. In postmeiotic germ cells, UPF3A expression is still evident while UPF3B expression returns, so both forms are expressed in spermatids. Interestingly, UPF3A expression is diffuse in the cytoplasm of round spermatids, while UPF3B expression is localized to cytoplasmic granules reminiscent of CBs (\[[@bib3]\], and M. Wilkinson and L. Huang, personal communication). This suggests different availabilities of UPF3A and UPF3B for NMD in these cells, and possibly implicates CBs in NMD (see below).

Shum et al. \[[@bib3]\] created conditional deletions of *Upf3a* in mouse cells and tissues. In neural stem cells, knockdown of UPF3A appeared to destabilize a subset of mRNAs with longer 3΄ UTRs while stabilizing a different subset, consistent with an antagonistic role for UPF3A in NMD. Perhaps unsurprisingly, *Upf3a* ablation in early embryos was lethal between E4.5 and E8.5 demonstrating that its antagonistic functions are nonetheless important for gene expression in early development.

The authors next examined *Upf3a* ablation in mouse germ cells. *Upf3a^fl/fl^* mice mated with *Stra8*-Cre mice resulted in male offspring with *Upf3a* ablated in spermatogonia. This resulted in reduced sperm counts and seminiferous tubules showing loss of later stage germ cells, reminiscent of that in the *Upf2*-truncated mice from Bao et al. \[[@bib2]\]. Analysis of several NMD-substrate mRNAs in the *Upf3a*-ablated mouse testes demonstrated that PTC-containing messages arising from alternatively spliced mRNAs were reduced \[[@bib3]\], consistent with UPF3A acting as a suppressor of that branch of NMD. Shum et al. \[[@bib3]\] do not directly assess effects of *Upf3a* on mRNAs with long 3΄ UTRs in spermatids, but their findings in P19 cells and spermatocytes support UPF3A stabilization of mRNAs with long 3΄ UTRs.

Together, we speculate that these results suggest an explanation of how *Upf2* inactivation or disruption in postmeiotic germ cells acts largely on mRNAs with long 3΄ UTRs but not on traditional EJC-stimulated transcripts \[[@bib2]\]. Generally, in nongerm cells (such as Sertoli cells \[[@bib1]\]), UPF3B is more abundant than UPF3A, enabling the elimination of PTC-containing mRNAs through interaction between UPF2 and UPF3B (Figure [2](#fig2){ref-type="fig"}A). In meiotic and postmeiotic germ cells, on the other hand, UPF3A is more abundant \[[@bib3]\], and thus could suppress the EJC-stimulated effects by blocking UPF2 (Figure [2](#fig2){ref-type="fig"}B) and favoring long 3΄ UTR surveillance. Incidental support for this proposal comes from the observation that the piRNA machinery (which is abundant in CBs) can act to cleave mRNAs before degradation \[[@bib41]\]. This illustrates the multiple mRNA catabolic processes that are active in CBs, some of which might use overlapping machinery.

Chromatoid bodies are depots for nonsense-mediated decay components in postmeiotic germ cells, and their disruption disables decay of mRNAs with long 3΄ untranslated regions {#sec2-6}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The true functions of CBs remain mysterious. Chromatoid bodies are perinuclear cytoplasmic granules in postmeiotic spermatids that arise from the intermitochondrial cement structures seen during meiosis (Figure [3](#fig3){ref-type="fig"}). As such, they resemble P-bodies or stress granules in other cell types \[[@bib42]\]. Chromatoid bodies seem to be depots for many types of RNAs: mRNAs, miRNAs, piRNAs, and others \[[@bib43]\]. They are also depots for many cytoplasmic RNA-binding proteins \[[@bib42]\] including those involved in miRNA processing (AGO1, AGO2, Dicer), translation (PABPC1 and PABPC2 \[[@bib44]\]), piRNA processing (MILI \[[@bib45]\]), retroposon-suppressing components (TDRD5 \[[@bib46]\]), and other Tudor domain-containing proteins (TDRD1 \[[@bib45]\] and TDRD6 \[[@bib47]\]). Somatic cells have many of these RNA metabolic functions, but they do not require these unique cytoplasmic structures, which is part of the mystery of CBs in germ cells.

Both Bao et al. \[[@bib2]\] and Fanourgakis et al. \[[@bib4]\] noted that, in round spermatids, the majority of UPF2 was clustered in CBs. Both groups of authors suggest that the CB is a germ cell-specific site of RNA catabolism, wherein UPF2 plays a central role in NMD. Although Shum et al. \[[@bib3]\] did not address it directly in their manuscript, examination of their UBF3B stained images reveals that the protein is localized in speckles resembling CBs in spermatids (M. Wilkinson and L. Huang, personal communication). In contrast, UPF3A was generally cytoplasmic in these cells. This suggests that both UPF2 and UPF3B may have specialized functions in CBs, but that UPF3A does not share those functions.

TDRD6 is necessary for assembly of chromatoid body components including UPF1 and UPF2 {#sec2-7}
-------------------------------------------------------------------------------------

The exact roles of Tudor domain-containing proteins are not clear, though they seem to serve scaffolding or localization functions through interactions with DNA and RNA \[[@bib48]\]. Fanourgakis and colleagues examined the Tudor domain-containing CB protein, TDRD6, in NMD \[[@bib4]\]. In mice, TDRD6 exists in two isoforms, a full-length (∼250 kDa) isoform that is expressed in spermatogonia and primary spermatocytes, and a C-terminally truncated isoform (∼230 kDa) that is expressed in secondary spermatocytes and spermatids \[[@bib47]\]. TDRD6 colocalizes with the piRNA-associated proteins DDX4, MIWI (PIWIL1), and MILI (PIWIL2) in CBs. *Tdrd6^−/−^* mice are viable, but males are infertile due to failure in production of germ cells beyond elongating spermatids. Chromatoid bodies in spermatids of *Tdrd6^−/−^* mice are diffuse and imperfectly assembled with dispersed contents, demonstrating the architectural function of TDRD6 \[[@bib4]\]. Two interesting proteins Fanourgakis et al. identified inside intact but not TDRD6-disrupted CBs were UPF1 and UPF2, leading them to investigate roles for CBs in mechanisms of NMD.

In agreement with the hypothesis that CBs do not influence NMD of EJC-stimulated transcripts (for example, those arising from alternative splicing, Figure [1](#fig1){ref-type="fig"}H), Fanourgakis et al. found that levels of mRNAs containing downstream exon junctions (PTC targets) did not change between *Tdrd6^+/−^* and *Tdrd6^−/−^* mice. However, as Bao et al. \[[@bib2]\] noted with *Upf2* conditional mutants, Fanourgakis et al. \[[@bib4]\] saw in *Tdrd6^−/−^* mice an accumulation of mRNAs with long 3΄ UTRs, a hallmark of that form of NMD. This suggests that, while EJC-stimulated NMD is not a function of CBs, long 3΄ UTR-mediated NMD might be a separate pathway that is associated with the presence of CBs, and might involve UPF2 and UPF3A (see Figure [3](#fig3){ref-type="fig"}).

Two mechanisms for nonsense-mediated decay are revealed by chromatoid bodies in male germ cells {#sec2-8}
-----------------------------------------------------------------------------------------------

Together, these findings suggest that there are at least two distinct mechanisms for NMD in male germ cells and, by extension, in somatic cells. One mechanism recognizes and targets mRNAs containing premature termination codons ("EJC-stimulated NMD," most like the EJC model; Figure [2](#fig2){ref-type="fig"}A). The second mechanism recognizes and targets mRNAs with anomalously long 3΄ UTRs ("Long 3΄ UTR NMD," resembling the Faux 3΄ UTR model; Figure [2](#fig2){ref-type="fig"}B). These two mechanisms might overlap with the EJC-enhanced and EJC-independent pathways described by others \[[@bib49]\]. While both NMD mechanisms are likely active in all cells, we propose here that CBs in postmeiotic male germ cells isolate the two mechanisms such that they can act independently. It appears from the studies represented here that EJC-stimulated NMD is rare or absent in postmeiotic germ cells; neither Bao et al. \[[@bib2]\] nor Fanourgakis et al. \[[@bib4]\] saw evidence for it. This conclusion also agrees with earlier studies showing that NMD of specific PTC-containing transcripts was low in testis although components of NMD *(Upf1, Upf2, Upf3a*, and *Upf3b* mRNAs) were very high \[[@bib50]\]. Meanwhile, the studies reviewed here concluded that long 3΄ UTR-mediated NMD remains active in spermatids. How might that be so?

UPF1, UPF2, UPF3A, and UPF3B are expressed in almost all cells in the body \[[@bib2]--[@bib4]\], although UPF3A is at low levels outside of male germ cells. In spermatocytes, however, UPF3B is absent and UPF3A is most prevalent (Figure [3](#fig3){ref-type="fig"}). Similarly, in spermatids, both UPF3A and UPF3B are present, with UPF3A being generally cytoplasmic, while the majority of UPF3B and UPF2 localized to CBs. This suggests two different models to account for how long 3΄ UTR NMD is accomplished in spermatids. Neither model is perfect, but each has merit. Enterprisingly, we call these models the "Long 3΄ UTR NMD in Cytoplasm" model (Figure [4](#fig4){ref-type="fig"}A) and the "Long 3΄ UTR NMD in CBs" model (Figure [4](#fig4){ref-type="fig"}B).

![Two models for the role of CBs in long 3΄ UTR-mediated NMD in spermatids. (A) The Long 3΄ UTR NMD in Cytoplasm model. UPF1, UPF2, and UPF3B are sequestered and inactive in the CB. Cytoplasmic UPF3A interferes with UPF2, turning off EJC-stimulated NMD in these cells. Long 3΄ UTR-mediated NMD occurs in the cytoplasm by normal mechanisms. (B) The Long 3΄ UTR NMD in CBs model. UPF1, UPF2, and UPF3B are localized in the CB, but remain active. Messenger RNAs with long 3΄ UTRs are identified translationally and marked for transport to the CB, possibly by TDRD6. Nonsense-mediated mRNA decay occurs in the CB.](iox033fig4){#fig4}

### Long 3΄ untranslated region nonsense-mediated decay in Cytoplasm model {#sec2-8-1}

Both models exist to explain how long 3΄ UTR NMD is active in spermatids, while EJC-stimulated NMD remains inactive. In the first model, UPF2 and UPF3B are sequestered inside CBs and thus probably not available for NMD of cytoplasmic mRNAs in CBs (Figure [4](#fig4){ref-type="fig"}A). The majority of UPF1 appears to be in CBs as well \[[@bib3]\], but some might remain in the cytoplasm to interact with and mark mRNA 3΄ ends. In this model, UPF3A antagonizes the activity of cytoplasmic UPF2, which would turn off EJC-stimulated NMD. Translation in the cytoplasm then targets mRNAs with long 3΄ UTRs by the Faux 3΄ UTR mechanism (Figure [2](#fig2){ref-type="fig"}B), and degradation occurs by mechanisms involving SMG5, SMG6, or SMG7 \[[@bib13]\]. Overall, this model agrees with known mechanisms of NMD, which do not require specialized structures in somatic cells \[[@bib51]\]. However, it makes assumptions about the localization and roles of some of the components. For example, UPF1 is abundant in CBs \[[@bib42]\]. UPF1, when phosphorylated, is able to bind to target 3΄ UTRs when other NMD components are less abundant \[[@bib52], [@bib53]\]. This suggests that UPF1 activity might be modified in ways to alter its activity in germ cells, and this might occur in CBs.

### Long 3΄ untranslated region nonsense-mediated decay in chromatoid bodies model {#sec2-8-2}

Because the majority of UPF1, UPF2, and UPF3B in spermatids accumulate in CBs, it is attractive to hypothesize that long 3΄ UTR-mediated NMD is active inside CBs (Figure [4](#fig4){ref-type="fig"}B). In this model, the CB milieu is permissive to long 3΄ UTR-mediated NMD, but nonpermissive to EJC-stimulated NMD. UPF3A, which is mostly cytoplasmic in spermatids, acts to turn off NMD in the cytoplasm. Perhaps TDRD6, which is necessary to localize UPF1 and UPF2 to the CBs, might also move targeted mRNAs with long 3΄ UTRs there. This model accounts for the observations that many components of NMD are localized to CBs and that disruption of CBs results in loss of long 3΄ UTR-mediated NMD \[[@bib2]--[@bib4]\]. However, a strong argument against this model is the long-standing observation that NMD requires ongoing translation to identify stop codons \[[@bib34]\], and there is no evidence for translation in CBs (M. Wilkinson, personal communication). However, it is possible that mRNAs targeted to the CB have already been translated at least once in the cytoplasm and bear as yet undetermined marks (for example, UPF1 \[[@bib54]\]). Studies to uncover the functions of NMD in CBs could address these opposing hypotheses.

Concluding remarks and observations {#sec3}
===================================

Because transcription halts in round spermatids, but translation continues into elongating spermatids, male germ cell development relies heavily on post-transcriptional modes of gene regulation in which 3΄ UTRs play prominent roles \[[@bib55]\]. In these cells, high rates of recombination and requirements for transcript diversity result in frequent errors in mRNAs that must be surveilled and kept in check. Nonsense-mediated mRNA decay is critical, therefore, ensuring the ongoing fidelity of gene expression during germ cell development. But the idiosyncratic requirements of spermatogenesis have resulted in NMD that has been tuned to those needs. In that light, it seems that the nuances of NMD in germ cells may illuminate its principles in all cells, and we look forward to the new lessons to be learned.
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